This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. The aim of this work is to study the heating efficiency of refractory microstructures by excitation of surface plasmon polaritons in the far infrared that can be used for high temperature applications. We have designed metal grating couplers on molybdenum films to maximize the absorption of a 10.6 µm CO2 laser light source. Molybdenum has been chosen since it is an industrial refractory metal combined with the fact that its optical properties in the far infrared are similar to gold but with stable high temperature performance. Linear gratings have been used as plasmonic couplers on large area substrates produced by laser milling. Real time absolute temperature measurements have been performed showing a 42 % increase in the maximum achievable temperature from 702 K to 985 K.
1. Introduction : Heat assisted chemistry and material science always require advances in substrate platforms that allow stable operation at high temperatures. This is particularly important in experimental techniques where high temperatures are mandatory such as: testing of thermionic and thermoelectric materials [1] , promoting chemical reactions [2] , heat assisted deposition of materials [3] such as epitaxial growth by pulsed laser deposition [4] or electrodeposition [5] . Platforms based on resistive heating have been extensively used [6, 7] , however, light assisted high temperature platforms without possible spurious electrical currents are essential, in for example, the characterization of thermal electron emission from thermionic materials. [8] Plasmonics is an already well-known photonic tool which allows us to transform absorbed light into heat by concentrating high electric fields in subwavelength dimensions (nano and micro volumes) [9] . The boundary condition to support surface plasmon polaritons within a metal-dielectric interface is related to the relative values of the real part of the permittivity between the two media. Thus, the metal should achieve values of the real part of the permittivity (ε) negative enough to fulfil the mode condition (Real{εmetal} < -Real{εdielectric}). Due to this requirement, plasmonic research in the visible has been focused mainly in structures formed by noble metal nanostructures with more compatible optical properties in the visible. [10] Noble metals allow high confinement of the field at the metal-dielectric interface and show low loss in the visible range (low values of the imaginary part of the permittivity). However, they are not practical for high temperature applications due to their low bulk melting and softening points. [11] In contrast, refractory metals have excellent thermal stability at high temperatures with melting points above 2000 °C. Moreover they are chemically inert and stable against creep deformation at high temperatures combined with good electrical and heat conductivity. [12] However, traditional refractory metals such as molybdenum or tungsten, cannot support surface plasmon polaritons in the visible due to their positive values of the real part of the permittivity. Recent works show that refractory alloys such as titanium nitride could mimic the optical properties of noble metals in the visible with large bulk melting points [13, 14] . However, these metallic alloys are not chemically stable, for example, when working in an oxygen atmosphere [15] [16] [17] . Therefore they cannot be long term stable refractory platforms in reactive environments or in ambient conditions such as air [18] . The aim of our work is to show the potential of a traditional refractory metal such as molybdenum as a refractory plasmonic platform for high temperature applications assisted by light but, focusing the problem in a different wavelength window, in the infrared range instead in the visible range.
Results
: The optical properties of Molybdenum have been determined a number of years ago during the 80's. The plasma wavelength of Molybdenum was estimated as 130 nm by Ordal et al. [19] In the wavelength range between 130 nm and 800 nm the real part of the permittivity of Molybdenum oscillates between positive and negative values, showing a hybrid nature between a metal and a lossy dielectric. However, for wavelengths larger than the crossover wavelength (around 850 nm), the real part of the permittivity of Molybdenum is similar to gold in the IR. [13] Figure 1b shows the values of the real part of the permittivity in the infrared for molybdenum and gold. Both metals fulfil the conditions to support surface plasmon polaritons at an air-metal interface, obtaining a similar surface polariton dispersion curve (see Figure 1a) . [19, 24] .
Because we are located far from the plasma frequency, the real values of the permittivity achieved are strongly negative, meaning that the surface plasmon polariton dispersion curve is located close to the edge of the light cone.
Experimental thermoplasmonics at high temperatures is an under-explored area, partially due to the poor thermal stability of traditional plasmonic materials as Ag or Au combined with the difficulty of obtaining in situ temperature measurements in real samples. For our experiment we have developed an experimental set-up to do real time direct temperature measurements on large area samples. [8] Temperature measurements have been performed under vacuum conditions (P=1 10 -6 Torr) in order to avoid thermal losses due to air convection. Also, the sample holder was made of quartz which has a very low thermal conductivity in order to minimise the heat loss via heat conduction from sample to holder. Our light source was a linear polarized CO2 laser at 10.6 m, guided to the sample by gold mirrors. The laser spot is around 5 mm in diameter with a Gaussian intensity profile on the surface of the sample. The laser is set at normal incidence on the patterned side of the sample. The temperature probes used were a type-K thermocouple pressed against the non-patterned side of the sample and a two colour infrared pyrometer (Land Instruments Ltd). In order to avoid any interaction between the laser beam and the temperature probes, all the temperature measurements have been performed on the back side of the sample, opposite to the grating. The thermocouple has been used to measure the temperatures below 973 K while the two colour pyrometer detector was used for higher temperatures. Laser heating is a fast process, so in order to allow the system to achieve a stable temperature, all temperature measurements have been recorded after a few minutes to allow the system to reach steady state conditions. The experimental system is described in detail elsewhere. [8] Since we are using a laser light source, the simplest device to excite a surface plasmon polariton is a linear metal grating. The metal grating allows the light to access wave vector values below the light cone by diffraction, thus exciting surface plasmon polaritons modes. Figure 2a shows the analytical dispersion curve for a molybdenum grating of period 10.5 µm in air environment. Due to our illumination conditions we need to excite the surface plasmon at normal incidence (parallel component of wavevector,∥=0), therefore we have designed molybdenum gratings with a period similar to the incident wavelength. The fine tuning of the period has been determined by Finite Difference Time Domain (FDTD) modelling (Lumerical Solutions) of the optical response of a molybdenum grating with similar parameters to that obtained experimentally (Figure 2b) . The refractory plasmonic couplers have been produced on commercial industrial molybdenum foil (thickness of 0.25 µm, purity of 99.9% and anneal tempered; supplied by Goodfellow Cambridge Ltd). In order to be able to perform direct temperature measurements the homogeneous gratings have been produced in large area samples of 1cm 2 . The structures have been patterned by laser milling using a Nd:YAG laser (= 532nm, t = 10-15 ns (nominal), 15 kHz repetition rate, Alpha III system, Oxford Lasers). The Gaussian spatial energy distribution of the laser beam profile combined with the high ablation threshold of molybdenum, allowed us to obtain features smaller than the laser spot size at the focus position.
In order to obtain the same groove morphology in all samples, they have all been produced at 4.8 J cm -2 with the same repetition rate (15 kHz) and a laser firing distance of 1 µm. Using a 10 µm diameter laser spot with a 40 mm focal lens we obtain 3 µm diameter circular marks on the molybdenum substrate. Flat substrates are required in order to be at the same focus position in all the areas of the raw substrate to obtain uniformly patterned samples. Therefore, in order to avoid any bending of the molybdenum substrates at the edges by a mechanical cutting process, the substrates have been prepared by laser cutting using the Nd:YAG laser system at 74.4 J cm -2 , 1 kHz repetition rate and with a laser firing distance of 0.2 µm. A bare molybdenum substrate of the same size and molybdenum batch without a plasmonic coupler has been used as a reference sample.
Molybdenum linear gratings with different periods have been produced in order to check the effects of the plasmon coupling conditions. The industrial molybdenum surface of the molybdenum foil is not flat (see figure 3 .a). All the gratings show the same groove geometry with slight local differences due to the surface roughness of the bare molybdenum substrates (see Figure 3a) . The morphology of the samples will be the convolution of the engraved pattern and the intrinsic surface morphology of the molybdenum substrate. The substrate roughness is going to add some randomness to our samples but we considered that the response will show an average effect which is similar between samples. Analysing the optical images combined with Surface Electron microscopy images (Figure 4) we can infer that the width of the grating grooves is around 3.3 µm. The depth of the groove changes as a function of the roughness and has an average value of 0.5 µm. The bare molybdenum substrate achieves 702 K at maximum laser power (166 W cm -2 ). In order to couple to the surface polariton the laser linear polarization is perpendicular to the linear grating grooves. The coupling condition will only be fulfilled at normal incidence for the molybdenum grating with a 10.5 µm period (10P). When the coupling condition is matched we observe an increase in the temperature in comparison with the bare molybdenum substrate for all the laser powers, achieving a maximum temperature of 985 K. This corresponds to an increase of 42 % in temperature for large pumping powers. In comparison, the temperature achieved for molybdenum gratings 15P and 20P under the same illumination conditions is practically the same as for the bare molybdenum substrate. For linear gratings with a period of 15 µm and 20 µm we are not able to couple to the surface plasmon at normal incidence conditions, and it behaves as a flat substrate. In order to corroborate the surface plasmon excitation phenomenon we have performed the same measurements but with the polarization of the CO2 laser parallel to the grating grooves. Under this illumination condition we cannot couple to the surface plasmon and the temperature achieved is similar to the bare molybdenum substrate, showing no surface plasmon polariton coupling effects.
3.
Conclusions : This work demonstrates that plain molybdenum in industrial foil format could be a good candidate for refractory high temperature platforms with broad applications in material science, chemistry and photonics. We also note that molybdenum has optical properties that allows coupling to surface plasmons in the telecommunication wavelength from 1.3 to 1.7 µm. Therefore, molybdenum could be a useful material for optically activated thermal switches for integrated photonics applications. Also the ability to produce photonic structures compatible with traditional industrial bulk materials such as molybdenum foil could inspire new ideas for implementation of light induced local heaters in industrial devices. It still remains open to study how to further improve the temperature achieved in these molybdenum plasmonic couplers by optimising, groove morphology and in-plane periodic geometries. In future work we intend to analyse in detail the complete system using finite element analysis tools such as COMSOL.
